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Abstract 
EPR measurements indicate that the low-potential heme (LP, E m ~ + 150 mV) and extra-low-potential heme (XLP, E m ~ - 45 mV at 
pH 7.2) of Cyt b-559 observed in the D1D2 Cyt b-559 complex (Shuvalov, V.A., Schreiber, U. and Heber, U. (1994) FEBS Lett. 337, 
226-230) both correspond to low-spin Fe(III) with bis-histidine ligation (at pH = 7). The characteristic g values of both species are the 
same: gl = 2.9, g2 = 2.3 and g3 = 1.5. At pH 9.4 the LP heme shows similar low-spin Fe(III) signals, whereas the XLP heme is 
converted into two forms, with E m of + 40 mV and -220 mV, which correspond to low-spin Fe(III) and high-spin Fe(III) (g .  = 5.9) 
forms, respectively. The close similarity of the high-spin EPR spectrum of the XLP form at pH 9.4 with the spectrum of the catalase Cyt 
b-558 at pH 13.5 suggests that in the lowest potential form of XLP the Fe(III) carries one OH- ligand. The significance of such a ligation 
of the XLP heme is discussed. 
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1. Introduction 
Cytochrome b-559 in Photosystem II [1-5] consists of 
two polypeptides called a (9 kDa) and fl (4 kDa) which 
are encoded by the chloroplast psbE and psbF genes, 
respectively. Both a- and /3-polypeptides have a single 
membrane-spanning re ion each containing a single histi- 
dine residue [6]. The heme iron is probably axially coordi- 
nated by two histidine nitrogens which could either belong 
to an (Or) 2 or ( fl)2 homodimer or to an (a f t )  heterodimer 
[7,8]. The a-polypeptide is oriented with its carboxy- 
terminus on the lumenal side of the thylakoid membrane, 
whereas the histidine residue is close to the amino-terminus 
[7]. Thus, formation of the homodimer (a )  2 or het- 
erodimer (a/3) would require that at least one heme be 
located near the stromal side of the membrane. Recently, it 
was shown by fusing the psbE and psbF genes of Syne- 
Abbreviations: Cyt, cytochrome; Em, midpoint redox potential; HP, 
LP, XLP, high, low and extra low-potential forms, respectively; P680, 
primary electron donor; RC-2, reaction center of Photosystem II, DID2 
Cyt b-559 complex 
* Corresponding author. Fax: +49 30 31421122, E-mail: 
Lubitz@echo.chem.TU-Berlin.DE. 
0005-2728/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
SSDI 0005-2728(94)00168-5 
chocystis that Cyt b-559 may consist of (a )  2- and (fl)2- 
homodimers, each containing one heme oriented near the 
stromal side - (or) 2 - and one near the lumenal side 
- (  fl)2 - of the thylakoid membrane [8]. However, the 
redox properties of Cyt b-559 are still controversial, both 
with resepect o the actual redox potentials and to the 
presence of one or two hemes in the different PS II 
preparations [5,9,10]. Recently, it has been discussed in a 
comparative study of different preparations that during the 
purification of spinach PS II complexes one cytochrome 
may be lost [11]. 
In a recent optical study of the redox properties of the 
hemes in the isolated DID2 Cyt b-559 reaction center 
complex (RC-2) the optical absorbance changes of Cyt 
b-559 at 559 nm were compared with those of pheophytin 
(Phe) at 542 nm upon photoreduction at 77 K [12,13]. 
Based on these relative absorbance changes two hemes per 
two Phe molecules have been postulated which exhibit 
different redox properties [12,13]. Redox titration revealed 
a low-potential (LP) heme and an extra-low-potential XLP 
heme at pH 7.2 and two different XLP forms at pH 9.4 
[12,13]. It was found by computer simulation of the a- 
helices of the a- and fl-polypeptides that in the /3-poly- 









,,..~,t~ " ,~" 
G 
t I 
176 V.4. Shuvalov et aL /Biochimica et Biophysica Acta 1228 (1995) 175-180 
I I I I 
f 
pH 7 . 2 ~ ~ p H  9.~ 
Rc-2 o- 
b c a t ~  
I I ¢ 
400 200 0 -200 -400 -600 
g h, mV 
Fig. 1. Reductive (closed symbols) and oxidative (open symbols) redox titration of Cyt b-559 in RC-2 complexes at 10°C under anaerobic onditions (see 
also [13]). The titration of the RC Cyt was carried out at pH 7.2 from + 480 mV to - 180 mV (O ,O)  and at pH 9.4 from + 480 mV to - 350 mV ( v ,  • ). 
The absorbance of Cyt at 559 nm was obtained from the spectrum easured as a difference between +480 mV and the actual redox potential E h of the 
sample. The dashed line shows the initial absorbance of Phe at 542 nm with an absolute value of 0.01. The redox titration of catalase Cyt b-558 was done 
at pH 13.5 (• ) .  The solid curves are fits to the experimental data points according to the one-electron Nernst equation yielding midpoint potentials E m of 
+ 150 mV and - 45 mV (O,O) ,  of + 150 mV, + 40 mV and - 220 mV ( v ,  • ), and of - 416 mV (• ) .  The arrows with letters (a,b at pH 7.2 and c,d, e, 
and f at pH 9.4) indicate the redox potentials of samples used for the EPR measurements of the D1D2 Cyt b-559 complex presented in Fig. 2. 
heme Fe is at the right distance for effective iron coordina- 
tion, whereas in the a-polypeptide, the distance is less 
appropriate. Thus, it was suggested that the (/3)2-homodi- 
mer creates the LP heme and the (a)2-homodimer creates 
the XLP heme [13]. If the LP heme in D1D2 Cyt b-559 is 
reduced before illumination at 77 K the photoinduced 
electron transfer leads to the oxidation of this heme due to 
fast electron donation to P680 ÷" [12,13]. This indicates 
that this heme is located close to the primary electron 
donor P680. The reduction of the other heme (probably 
XLP) is observed upon illumination at low temperature, in 
which case the reduced Cyt and P680 ÷ are formed and do 
not recombine at 77 K [14]. Consequently, this heme 
should be further away from the donor and is probably 
closer to the acceptor side. 
Previous optical measurements of Cyt b-559 in chloro- 
plasts or membrane fragments have shown that there are 
two forms of Cyt b-559, a high potential (HP) and low- 
potential (LP) form with E m of + 380 mV and + 20 to 
+ 80 mV, respectively [1-3]. In the presence of the oxi- 
dant 2,3-dicyano-5,6-dichloro-p-benzoquinone there are 
several EPR signals associated with low-spin and high-spin 
Fe(III). The high-spin Fe(III) shows EPR features at g-val- 
ues of 6.1 and 5.8. It has not been assigned to a certain Cyt 
form so far [15,16]. The low-spin Fe(III) displays g fac- 
tors of gl = 2.94 and g2 = 2.26 (LP form), and gl = 3.08 
and g2 = 2.16 (HP form) [15]. 1 Furthermore, it was shown 
1 The EPR g-values are denoted gl, g2 and g3 with decreasing order 
of magnitude as in [17]. 
by EPR performed on oriented particles that the plane of 
both heme forms is oriented perpendicular to the mem- 
brane plane [16]. In isolated Cyt b-559 both the low-spin 
(LP form) and high-spin Fe(III) form are observed [17]. In 
this work, the low-spin Fe(III) signal was assigned to 
His-Fe-His ligation, whereas the high-spin Fe(III) was 
again not assigned. 
So far, the Cyt b-559 has not been characterized in the 
D1D2 Cyt b-559 complex by EPR techniques. In this 
communication, such EPR data are presented for RC-2 
preparations at different redox potentials and different pH 
values, and the results are compared with recent data from 
optical spectroscopy [13]. 
2. Materials and methods 
The D1D2 Cyt b-559 reaction center complex (RC-2) 
from spinach chloroplasts [18] was isolated as described 
earlier [12,13] using Triton X-100 for PS-II particle and 
RC solubilization. DEAE-chromatography with Fractogel 
TSK DEAE-650 (S) (Merck, Darmstadt) was used for the 
purification of RCs. Triton X-100 was replaced by 0.1% of 
n-dodecyl fl-o-maltoside (maltoside, Sigma) on the col- 
umn [19]. RCs were stored at -80°C in the presence of 
10% glycerol and 0.1% maltoside. Redox potentials have 
been adjusted in the EPR samples as described earlier [13]. 
Ascorbate, dithiothreitol and dithionite were used as reduc- 
tants and ferricyanide as an oxidant in the presence of the 
following mediators (10 /xM): diaminodurene, 1 2-naph- 
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thoquinone 4-sulfonate, duroquinone, menadion, 2,3-di- 
methoxy-5-methyl-l,4-benzoquinone, 2-hydroxy-l,4-naph- 
thoquinone, anthraquinone 2-sulfonate, neutral red, benzyl 
viologen, and methyl viologen. 
Beef liver catalase was purchased from Boehringer 
Mannheim (Germany), containing 65 000 U/mg.  
The EPR measurements at different redox potentials 
and pH values were carried out in the dark in 100 mM 
Tris-HC1 buffer containing 0.1% maltoside. The Chl con- 
centration of the samples was 200 /zM. The samples were 
frozen to 77 K in an argon atmosphere and warmed up to 
~ 220 K to remove dissolved oxygen and then frozen to 
10 K for the measurements. The EPR spectra were mea- 
sured at a temperature of 10 K using a Bruker ESP 300 E 
spectrometer quipped with a Bruker TEl02 cavity and an 
Oxford ESR 9 helium flow cryostate. 
3. Results 
Fig. 1 shows the redox titration of Cyt b-559 in the 
D1D2 Cyt b-559 complex at 10°C at pH 7.2 and pH 9.4 
under strictly anaerobic onditions (see also [13]). At pH 
7.2 the reduction of the LP heme with an E m of + 150 mV 
is observed. Since the redox potential of this heme is 
higher than that of the chloroplast LP heme ( + 20 to + 80 
mV), the RC-2 LP heme may correspond to the chloroplast 
HP heme (+ 380 mV) [1-3]. At lower redox potential the 
reduction of the RC-2 XLP heme is observed with an E m 
of -45  mV. This heme is extremely autooxidizable and its 
reduction is not seen in the presence of traces of oxygen. 
Our RC-2 preparations show a ratio of differential extinc- 
tion coefficients for one Cyt b-559 and for one Phe at 542 
nm of 2.4:1 obtained from the light-induced one electron 
transfer eaction at 77 K [12,13]. Since both the first (LP) 
and the second (XLP) step of the titration curve of the LP 
and XLP hemes at pH 7.2 show a ratio of 1.2:1 for the 
absorption of each heme at 559 nm compared with two 
Phe at 542 nm (indicated by the dashed line in Fig. 1), one 
can conclude that one LP heme and one XLP heme are 
present per two Phe [12,13]. At pH 9.4 the LP heme has 
the same Era (of + 150 mV) as at pH 7.2 (Fig. 1). 
However, the XLP heme splits into two forms with differ- 
ent E m values [13]. One of them has an E m of + 40 mV 
and an absorption peak at 559 nm. This form is very 
similar to the LP heme in chloroplasts [1-3]. The other one 
displays an E m of -220  mV, and the absorption peak is 
shifted to 562 nm [13]. The pK value for the transition of 
the low-pH XLP to the two high-pH XLP forms is 7.7. At 
both pH values a small fraction (< 5%) of a heme form 
with an Ern of + 380 mV is present which might represent 
the HP form predominanting in chloroplasts. 
The heme forms observed here at pH 9.4 are similar to 
the forms observed by Ahmad et al. [9] (Em = 430 mV, 
180 mV and 25 mV) for the isolated D1D2 Cyt b-559 
complex at pH 8.0. The form of -220  mV may have been 
g-value 
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Fig. 2. EPR spectra of Cyt b-559 in the RC-2 complex (200 /zM Chl in 
0.1% maltoside, 100 mM Tris-HC1). (a,b) pH 7.2: E h ~ +200 mV (curve 
a); E h ~ -50  mV (curve b). (c-f) pH 9.4; E h ~ +200 mV (curve c); 
Eh~ +60 mV (curve d); Eh~- -100  mV (curve e); Eh~-300 mV 
(curve f). Other experimental conditions: T = 10K, mw frequency 9.44 
GHz, mw power 6.3 mW, field modulation (100 kHz) amplitude 2.2 mT, 
time constant 80 ms, 4 scans (recording time 22 min), sweep width 500 
mT. Note that the spectra (a) and (b) and the spectra (c) to (f) were 
obtained from the same preparation, respectively. 
missed by these authors, since the redox titration was 
limited by -50  mV [9]. 
The arrows in Fig. 1 indicate the redox potentials at the 
respective pH for which the EPR experiments were per- 
formed (see Fig. 2). 
Beef liver catalase has a Cyt b-558 which can be 
reduced at pH 13.5 with an apparent E m of -416  mV 
(Fig. 1). At high pH the catalase molecule breaks up into 
four subunits and can be considered as a model for a 
His-Fe(III)-OH ligation [21]. This situation is similar to 
that discussed for myoglobin and hemoglobin for which an 
OH ligation has been shown unambiguously [22]. 
Fig. 2a shows the EPR spectrum of RC-2 at 10 K, pH 
7.2 and a redox potential E h of + 250 mV in the magnetic 
field range of 50 to 500 mT. The low-spin Fe(III) signals 
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of both hemes, LP and XLP, exhibit very similar g-values 
of gl = 2.920(5), g2 = 2.260(5), and g3 = 1.55(3) which 
are not resolved under these conditions. The smallest g 
component is very broad and difficult to see under the 
experimental conditions (cf. Figs. 1 and 2 in Ref. 17). The 
rhombic Fe(III) signal with g = 4.27(2) is also present; 
according to Ref. 17 it is not related to the cytochrome. In 
the presence of mediators and an excess of ascorbate (E h 
approx. +50 mV) the LP heme (E~n = +150 mV) is 
reduced to the EPR silent Fe(II) state. This is clearly seen 
in the spectrum (Fig. 2b) in which the signal amplitude of 
the low-spin Fe(III) signal is decreased by 50(5)%. The 
remaining part of the low-spin signal with g components 
of gl = 2.911(5) and g2 = 2.270(5) (g3 is beyond detec- 
tion) (Fig. 2b) is assigned to the autooxidizable XLP heine 
which is not reduced at E h = + 50 mV and pH 7.2 [12,13]. 
The rhombic Fe(III) signal at g = 4.27 remains virtually 
unchanged. The difference spectrum (Fig. 2a,b) yields the 
g values of the LP heme (gl = 2.929(5) and g2 = 
2.260(5)) which are quite similar to those of the XLP 
heme. 
Figs. 2c- f  show the EPR spectra of RC-2 at pH 9.4 
under otherwise the same conditions. The pH change from 
7.2 to 9.4 at E h--- +200 mV (Fig. 2c) leads to the 
appearance of a new EPR signal with a g-value of 5.9(1) 
(and a shoulder at 6.4(1)). This value is assigned to the 
perpendicular component (g ± ) of the axially symmetric g
tensor of a high-spin Fe(III). The gll component is ex- 
pected at g = 2 and is obscured by other strong signals in 
the sample centered near g = 2. These signals are due to 
the tyrosine y~x and other organic radicals in the reaction 
center. The high-spin Fe(III) signal is analogous to that 
observed in myoglobin in Ref. [23]. The pK for the 
appearance of the high-spin Fe(III) signal which is as- 
signed to the XLP heme is close to 8. 
In Fig. 2c the low-spin Fe(III) signal is reduced in 
amplitude and has gl = 2.930(5) and g2 = 2.263(5) close 
to the previous values. An additional low-spin feature at a 
g-value of 2.47(1) is present. At E h = + 60 mV (Fig. 2d), 
the signal of the low-spin Fe(III) is reduced by ~ 70%. 
The remaining part has gl = 2.91(1) (slightly shifted) and 
g2 = 2.26(1). This agrees with the reduction of the LP 
heme at this redox potential apparent from the optical 
measurements (see Fig. 1). The high-spin Fe(III) has a 
slightly more intense and sharper line at g ± = 5.9(1). The 
line of the additional second low-spin Fe(III) with gl = 
2.47(1) remains almost unchanged. 
In the presence of an excess of ascorbate (E h = - 100 
mV, Fig. 2e) the EPR signals at gl = 2.93 and g2 = 2.26 
disappear completely due to the reduction of this Fe(III) to 
Fe(II). However, the second low-spin Fe(III) signal with 
gl = 2.47 is still present. Another g component near g2 = 
2.3 (Fig. 2e) might also belong to this species. Further- 
more, the high-spin Fe(III) signal at g ± = 5.9(1) remains 
unchanged. The inset shows a shoulder of this component 
(at gs = 6.6(1)) when NaOH is used as base instead of 
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Fig. 3. The EPR spectrum of Cyt heme Fe(IIl) of beef liver catalase 
(65000 U/mg) at pH 13.5. Experimental conditions: see Fig. 2, except 
for mod. ampl. 0.4 roT, 1 scan. 
Tris. In the presence of an excess of dithiothreitol (E h 
- 300 mV) the reduction of both the high-spin and second 
low-spin Fe(III) is observed (Fig. 2f). This is in agreement 
with the reduction of the lowest potential form of the XLP 
heme at pH 9.4 in RC-2 observed by optical measurements 
(see Fig. 1 and Ref. 13). The rhombic Fe(III) signal is 
decreased in amplitude with lowering E h (Figs. 2c-f). It 
can only be reduced completely at the very low-potential 
of ~ -600  mV (not shown). 
Fig. 3 shows the EPR spectrum of Cytochrome b-558 in 
catalase at pH 13.5 and T= 10 K. High- and low-spin 
Fe(III) are observed simultaneously in this spectrum (cf. 
Ref. [20]). The high-spin Fe(III) has a g value of g ± = 
5.95(5) and a low-field shoulder at gs = 6.6(1). The low- 
spin Fe(III) has gl = 2.47(1), g2 = 2.26(1) and g3 = 
1.88(5). These measurements are in good agreement with 
earlier results [21]. 
4. Discussion 
The EPR data presented in this paper support he inter- 
pretation of the optical data in Ref. 13 which have sug- 
gested that there are two hemes (LP and XLP form) per 
RC-2. At pH 7.2 two low-spin Fe(III) signals are observed 
with slightly different g-values: g~ = 2.929, g2 = 2.260 
and g3 = 1.55 for the LP heme and gl = 2.911 and g2 = 
2.270 for the XLP heme. In chloroplasts of PS II there are 
two low-spin Fe(III) signals assigned to HP heme with 
gl = 3.08, g2 = 2.16 and LP heme with gl = 2.94 and 
g2 = 2.26 [15]. The g-values of the LP and XLP hemes in 
the RC-2 preparation are less distinguished and are both 
close to those found for the LP heme in chloroplasts. 
Comparison with the g-components of model systems 
indicates that the Fe(III) is ligated by two histidines in 
both cases [17]. These two hemes with the above given 
g-values differ with respect o their midpoint potentials 
E m.  One of them belongs to the LP heine with an E m of 
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+ 150 mV; the second one corresponds to the autooxidiz- 
able XLP heme with an E m of -45  mV (see Fig. 1 and 
Ref. [13]). It should be noted that both hemes show the 
same amplitude of absorbance changes upon reduction (see 
Ref. [13]). The EPR signal amplitudes also yield a ratio of 
approximately 1:1 indicating the presence of two hemes 
(see Figs. 2a and 2b). 
From optical measurements i  is obvious (Fig. 1) that 
the pH increase does not change the E m value of the LP 
heme, but splits the XLP heme into two forms with E m of 
+ 40 mV and -220  mV. The second form has an unusual 
absorption band at 562 nm in contrast o the first one 
which is characterized by the typical 559 nm band [13]. It 
was suggested from these optical data that the -220  mV 
form has OH- as a sixth ligand of the heme Fe(III) [13]. 
In the EPR spectra the pH change from 7.2 to 9.4 leads to 
(i) the appearance of a high-spin Fe(III) signal with split 
g i -values of 5.9, 6.4, (ii) decrease of the amplitude of the 
low-spin Fe(III) signal and (iii) a new low-spin feature 
with g~ = 2.47. The major part of the low-spin signal with 
gl = 2.930 and g2 = 2.263 corresponds to the LP heme 
(E m = + 150 mV) with bis-histidine axial ligation [18]. 
The remaining low-spin Fe(III) in Fig. 2d is reduced at 
- 100 mV in agreement with the fraction of the XLP heme 
with E m = +40 mV at pH 9.4. This low-spin Fe(III) 
signal should also correspond to Fe(III) with bis-histidine 
ligation probably with a slightly changed geometry. The 
high-spin Fe(III) is reduced only at ~ -300  mV (together 
with the small low-spin Fe(III) signal with gl = 2.47 and 
g2 = 2.3) in agreement with the low-potential part of the 
XLP heine (E m = -220  mV at pH 9.4 [13]). 
The EPR spectrum of catalase at pH 13.5 (Fig. 3) 
contains both Fe(III) high- and low-spin signals and shows 
very close similarities with the high- and low-spin Fe(III) 
signals assigned to the XLP form at E h = -100  mV and 
pH = 9.4 in RC-2 (Fig. 2e). Similar signals with high- and 
low-spin features have been assigned to His-Fe(III)-OH- 
ligation in hemoglobin and myoglobin at high pH [22]. It 
has been suggested that such a situation is also present in 
catalase at pH = 13.5 [21]. Therefore, we propose that the 
same ligation exists in the lowest potential XLP form in 
Cyt b-559 in RC-2. The splitting of the g = 6 component 
indicates a deviation from axial symmetry [24]. This will 
be further investigated in future studies by direct detection 
of the ligand hyperfine structure, using cw and pulsed 
ENDOR spectroscopy. 
Computer simulations of the a- and fl-polypeptides 
have shown that in the c~-polypeptide the position of the 
nitrogen z-N of histidine His-6 is at greater distance with 
respect o Fe than it is in the fl-polypeptide in which the 
coordination distance is very appropriate [13]. Therefore, it
is suggested that the ( fl)2 homodimer produces the stable 
bis-histidine axial ligation of Fe in the LP heme. This 
heme is probably located close to the lumenal side of the 
thylakoid membrane and is oxidized by P680 ÷" at low 
temperature [12]. The XLP heme is probably formed in the 
(a)2 homodimer in which the bis-histidine axial ligation 
of Fe is less stable. This heme is probably located near the 
stromal side of the thylakoid membrane where it can be 
reduced by electrons from the acceptor side. Consequently, 
it is not oxidized by P680 +" at low temperature [14]. 
The reason for the reversible splitting of the XLP heme 
at pH = 9.4 into two almost equal fractions (Fig. 1) re- 
quires some further assumptions. The data indicate that the 
heme bound in the labile (a )  2 homodimer exists in two 
different environments. This could be explained by assum- 
ing a dimerization of the D1D2 Cyt b-559 complexes, as 
has been suggested recently in the literature [25]. Thereby, 
one (a)2 homodimer could be effectively shielded, whereas 
the other is more exposed to the medium. 
All EPR signals mentioned above have also been ob- 
served previously in chloroplasts and membrane frag- 
ments, although with different redox properties and differ- 
ent g-values [15,16,26]. However, an unequivocal assign- 
ment of these signals was not yet possible. The EPR 
signals of low-spin Fe(III) of LP and XLP hemes at pH 7.2 
in isolated RC-2 are similar to the LP heme signals 
observed in chloroplasts [15]. A high-spin Fe(III) EPR 
signal with g ~ 6 was also observed in isolated Cyt b-559 
[18], in PS-II membranes [26] and in whole chloroplasts 
when cytochrome is oxidized by 2,3-dichloro-5,6-dicyano- 
1,4-benzoquinone [15,16] and has been assigned to Cyt 
b-563 of the Cyt b6f [16] or to denaturated Cyt b-559 
[26]. Our data show that a high-spin Fe(III) form is 
obtained from the XLP form of Cyt b-559 in the DID2 
Cyt b-559 complex at high pH with a concomitant shift of 
the absorption band from 559 nm to 562 nm. In membrane 
fragments, the high-spin Fe(III) signal is not observed in 
the presence of dithionite but a small signal at g ~ 6 is 
revealed in the presence of ascorbate [16]. This indicates 
that the E m value of the high-spin Fe(III) in D1D2 Cyt 
b-559 is shifted to higher values by approx. 200 mV in 
chloroplasts. The same shift of 200 mV is observed for the 
LP heme in the RC-2 preparation with respect to the 
chloroplast HP heme. Similar shifts of midpoint potentials 
of the hemes were reported for removal of the Mn-cluster 
[2], which is also absent from the D1D2 Cyt b-559 prepa- 
ration. The possible interaction of the Cyt b-559 with the 
Mn cluster will be further investigated. 
In contrast o the conclusions of previous tudies [26], 
we propose that the high-spin Fe(III) heme form of Cyt 
b-559 may be of functional importance in PS II [27]. In the 
XLP heme observed in RC-2 at pH 9.4 and E m _< -100  
mV (Fig. 2c-e) we propose that OH- is the sixth ligand of 
this heme because of the striking similarity of its EPR 
spectrum with that of catalase at pH 13.5. Similarly, in the 
high-spin heme observed in chloroplast and membrane 
fragments at lower pH [15,16,26] a weak ligand (which in 
this case may also be water) could replace the second 
axially ligated histidine, thereby triggering the transition 
from the low-spin to the high-spin ground state [24]. On 
the other hand, it cannot be excluded that rather subtile 
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differences in the binding of the histidines to the heme iron 
could weaken the ligand field and give rise to a coexis- 
tence of both, low-spin and high-spin forms resulting from 
the same ligand structure. Such a case has been reported 
recently for an artificially synthesized peptide, which was 
designed to bind one heine via two histidine ligands [28]. 
Further optical and EPR studies on oxygen-evolving PS II 
preparations are in progress to investigate this problem. 
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